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Abstract 
 
 The thermal evolution process of RuO2 - Ta2O5/Ti coatings with varying noble metal 
content has been investigated under in situ conditions by thermogravimetry combined with 
mass spectrometry. The gel-like films prepared from alcoholic solutions of the precursor salts 
(RuCl3·3H2O, TaCl5) onto titanium metal support were heated in an atmosphere containing 
20% O2 and 80% Ar up to 600 °C. The evolution of the mixed oxide coatings was followed 
by the mass spectrometric ion intensity curves. 
 The cracking of retained solvent and the combustion of organic surface species formed 
was also followed by the MS curves. The formation of carbonyl- and carboxylate-type surface 
species connected to the noble metal were identified by Fourier transform infrared emission 
spectroscopy. These secondary processes -catalyzed by the noble metal- may play an 
important role in the development of surface morphology and electrochemical properties. The 
evolution of the two oxide phases does not take place independently, and the effect of the 
noble metal as a combustion catalyst was proved. 
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INTRODUCTION 
 
 Conductive mixed oxide electrodes as dimensionally stable anodes (DSA
®
) have been 
of high technological importance since the sixties [1,2]. The class of thermally prepared oxide 
electrodes on titanium metal support contains a catalytically active noble metal oxide (IrO2 or 
RuO2) stabilized by TiO2, ZrO2, or Ta2O5. The most important commercial types are the 
RuO2/TiO2 and the IrO2/ Ta2O5 systems used as electrodes in the chlor-alkali industry and for 
oxygen evolution [3-6]. Stability and selectivity can be improved by the addition of other 
components such as SnO2 and Sb2O5 [7-9]. 
 Ruthenium dioxide has a rutile structure and exhibits important properties like low 
resistivity and high chemical stability. In addition to its use for chlorine and oxygen evolution 
[10,11], RuO2 thin films show great promise as buffer layers for superconductors [12], or 
diffusion barriers [13]. 
 Tantalum pentoxide is often suggested as the optimal stabilizing component of IrO2-
based film anodes and, independently from this application, Ta2O5 films have a growing 
potential in microelectronics as capacitors in high density dynamic random access memories 
(DRAMs), as light waveguides, or as antireflection coatings. 
 Electrochemical and surface properties of thermally prepared oxide anodes are widely 
dependent on the experimental conditions of preparation. Service life, surface area, and 
selectivity for electrochemical reactions may differ depending on substrate pretreatment, 
precursor solution composition and firing temperature [14]. 
 It was reported that oxide anodes prepared from organic solvent systems display better 
performance [15,16]. It was also shown that coatings prepared by heating the precursor films 
at a low temperature display a low stability due to incomplete thermal decomposition 
resulting in the dissolution of the coating during electrolysis [17,18]. At higher temperatures 
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(>500°C), however, partial oxidation of the base metal leads to low adhesion of the film to the 
support. Therefore, an in situ study of the thermolysis process is indispensable in order to 
improve the design of thermally prepared electrode coatings. In the present work the thermal 
evolution of the RuO2 – Ta2O5 system prepared by the sol-gel method is studied in detail 
using thermogravimetry – mass spectrometry (TG/MS) and infrared emission spectrometry 
(IRES). 
 
EXPERIMENTAL DETAILS 
 
Thin film preparation 
 
 The precursor salts -RuCl3⋅3H2O (Fluka, Buchs, Switzerland) and TaCl5 (Sigma-
Aldrich, Budapest, Hungary) were dissolved in 2-propanol and a 0.05M stock solution was 
prepared for each component. Mixtures of varying composition of the precursor salts (using 
the 0.05 M stock solutions) were made from 0% Ru to 100% Ru (at mole fraction) with 10% 
Ru steps. The precursor salt mixtures were prepared onto titanium metal supports (size 4mm x 
4mm, thickness 0.1mm) etched in boiling oxalic acid (10%) for 15 minutes, washed with 
distilled water, rinsed with acetone and dried at room temperature. The coatings were 
prepared by applying the precursor salt solution (after a 10-fold dilution with 2-propanol) 
drop by drop onto the support and removing the solvent by hot air (60°C). This procedure was 
continued until a measurable quantity of the gel-like film (1-5 mg) corresponding to a 
relatively thick (400-800 nm) layer was deposited. 
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Thermoanalytical investigations  
 
 Thermoanalytical investigations and the heat treatment of the gel-like coatings were 
carried out in a Netzsch (Selb, Germany) TG 209 type thermobalance in a flowing gas 
atmosphere containing 19.8% oxygen and 80.2% argon (Messer Griesheim, Hungary). The 
purity of the gas mixture was 99.995%, and the heating rate was 10 °C/min. In order to follow 
simultaneously the evolution of the gaseous decomposition products over the temperature 
range from ambient to 600 °C, the thermobalance was connected to a Balzers MSC 200 
Thermo-Cube type mass spectrometer (Balzers AG, Lichtenstein). The transfer line to 
introduce gaseous decomposition products into the mass spectrometer was a deactivated fused 
silica capillary (Infochroma AG, Zug, Switzerland; 0.23 mm o.d.) temperature-controlled to 
150 °C to avoid condensation of high-boiling organic matter. 
 
Fourier Transform Infrared Emission Spectroscopic analyses 
 
 Infrared emission spectroscopic measurements were carried out in a Digilab FTS-60A 
spectrometer, which was modified by replacing the infrared source with an emission cell. The 
infrared emission cell consists of a modified atomic absorption graphite rod furnace, which is 
driven by a thyristor-controlled alternating current power source capable of delivering up to 
150 amps at 12 volts. A platinum disk acts as a hot plate to heat the titanium sheets with the 
coatings on top. An insulated 125 µm type R thermocouple was embedded inside the platinum 
plate in such a way that the junction was < 0.2 mm below the platinum surface. The operating 
temperature was controlled to ± 2 °C using an Eurotherm Model 808 proportional temperature 
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controller, connected to the thermocouple. The emission spectra were acquired by co-addition 
of 64 scans at a resolution of 4 cm
-1
.  
 
RESULTS AND DISCUSSION 
 
The thermogravimetric (mass loss, TG) and mass spectrometric ion intensity curves of 4.100 
mg TaCl5 gel on titanium metal support are given in Figure 1. The mass spectrometric ion 
intensity curves of the m/z = 35 ([
35
Cl]
+
), m/z = 41 ([C3H5]
+
/[C2HO]
+
), and m/z = 44 ([CO2]
+
) 
fragments are of utmost importance to reveal the complicated mechanism of decomposition. 
By comparing the curves, the following conclusions can be drawn. Below 100 °C residual 
solvent (2-propanol), crystallization water, and hydrogen chloride (as a result of an 
intramolecular hydrolysis) are released [19]. In the mass loss stage between 120 and 200 °C 
alcoholic fragments ([C3H5]
+
/[C2HO]
+
) are liberated indicating the presence of residual solvent 
in the film. A detailed analysis of the residual organic matter with diffuse reflectance Fourier 
transform infrared spectroscopic (DRIFT) technique has already been made [19]. Chlorinated 
species also evolve in this range and their liberation is continued up to 500 °C in a rather 
uniform rate resulting in an almost linear mass loss stage. It is interesting to note that a small 
amount of CO2 is also formed between 100 and 200 °C (at 161 °C with maximum rate), 
indicating the occurrence of combustion processes as well. The low temperature CO2 
formation is due to the burning (oxidative cracking) of residual alcohol. Since no organic 
cracking products are detected over 300 °C, it can be concluded that -in accordance with 
DRIFT data- no organic surface species are present in the temperature range of film 
solidification. Between 500 and 600 °C a dramatic change can be observed in the film 
evolution pattern. Chlorine is liberated in a fast reaction accompanied with the formation of 
CO2 with maximum rate at 544 °C. The appearance of CO2 in the gas phase is due to the 
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combustion of elemental carbon formed and trapped in the film at lower temperature (between 
120 and 200 °C). 
 The thermal evolution pattern of 1.829 mg RuCl3 gel under identical experimental 
conditions is shown in Figure 2. Up to 110 °C residual alcohol and crystallization water is lost 
accompanied with a small amount of hydrogen chloride formation (via intramolecular 
hydrolysis). CO2 evolution begins at approx. 200 °C and takes place in a slow process until 
350 °C and in a fast reaction between 350 and 400 °C. Chlorine appears at about 280 °C and 
is formed in two overlapping reactions at 348 and 380 °C as an evolved gas. The fact that the 
maximum rate of chlorine liberation is observed at 348 °C (with an offset of 23 °C with that 
of CO2 formation) indicates a combustion process independent of RuCl3 oxidation. A small 
amount of CO2 is also formed below 100 °C. This is the indication of a low temperature 
combustion process of retained solvent catalyzed by the noble metal. The slight increase in 
the TG curve above 500 °C indicates the partial oxidation of the titanium metal support. 
 The thermal evolution pattern of the 70% Ru-30% Ta system (Figure 3) shows close 
similarity to that of the 100% Ru one. The liberation of trapped alcohol and the formation of 
CO2 in the low temperature range occurs at 69 °C, a temperature lower by 24 °C than in the 
former case. The maximum temperature of CO2 evolution (342 °C) did not decreased 
significantly, but the second stage is missing in this case. Chlorine evolution also starts at 200 
°C but takes place at 342 °C (reduced by some 30 °C). It is interesting to observe that the film 
evolution process is finished (reaches its completeness) by 400 °C -a temperature lower by 
some 150 °C as compared to the temperature of Ta2O5 formation- indicating that the evolution 
of the two oxide phases is not independent from each other.  
 The thermoanalytical curves of the 50%Ru-50%Ta system (Figure 4) basically show a 
one-step evolution process in a rather wide temperature range between 200 and 400 °C. 
Although peak maxima are practically at the same temperature than in the former case, 
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evolution of the gaseous decomposition products results in broad peak patterns. Also, the 
amount of retained solvent trapped in the film is reduced significantly.  
 As to the 30%Ru-70%Ta system (Figure 5) a pattern similar to the composition 50% 
Ru-50%Ta (Figure 4) can be observed. A slight increase in the peak maxima (8 °C) occurs 
and a narrower temperature range of gas evolution indicates simpler processes of film 
solidification. The final mixed oxide coating is developed by 400 °C. Similarly to the former 
case, the amount of retained solvent is rather limited. Considering the tendencies of this 
series, the most interesting composition of the system is the one containing 70% ruthenium. In 
this case the temperature of film formation (i.e. that of the constant mass in the TG curve) is 
decreased to a minimum of about 370 °C, then it increases again with the decrease of the 
noble metal content.  
 In order to completely follow the process of thin film evolution, the changes in 
composition of the solid films should be followed as a function of the temperature, as well. 
Although infrared spectroscopy is a common tool to identify film composition, none of the 
traditional transmittance or reflectance methods can be used for the study of black, porous 
films on metal supports. In infrared emission spectroscopy the infrared source is the heated 
sample itself. In principle, the emitted radiation (from thermally excited vibrational levels) 
can give exactly the same spectra as in absorption spectroscopy, but the signal to noise ratio 
(which is inherently low due to the low sample temperature) should be improved by the 
accumulation of spectra. Figure 6 shows the IRES spectrum of the 30%Ru-70%Ta system 
heated to 200 °C. At this temperature crystallization water and residual solvent are already 
lost and the thermal decomposition (oxidation) is about to start. In accordance with earlier 
studies, Ru-carbonyls, carboxylates and RuOx bands can be observed in the spectrum [20]. 
The bands of the organic surface species disappear by 400 °C, in harmony with the MS data. 
It can be concluded that -at variance with the Ta-system- complexation reactions take place 
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between the noble metal and the retained solvent. The presence of at least two different types 
of Ru-carbonyls can be observed in the IRES spectrum at 2084 and 2000 cm
-1
. It means that 
the cleavage of a carbon-carbon bond catalyzed by the noble metal has to occur around 100 
°C. The bands at 1590 and 1447 cm
-1
 are due to the formation of carboxylate-type surface 
species. The formation of CO2 identified by mass spectrometry can be explained by the 
decomposition (oxidation) of these carbon-containing surface species in the 200 to 400 °C 
range. The broad OH stretching band in the 3500 – 3000 cm
-1
 spectral range belongs to the 
formation of tantalic acid (tantalum oxy-hydroxyde) identified by DRIFT spectroscopy [19]. 
The shoulder between 3000 – 2800 cm
-1
 (CH stretching band) is the indication of the presence 
of organic surface species formed from retained alcohol. The broad band below 1000 cm
-1
 
belongs to metal-oxygen vibrations (oxides are formed mainly by intramolecular hydrolysis 
till 200 °C). 
 A comparison of the film evolution patterns reveals that the two oxide phases do not 
develop independently. This is due to the fact that tantalum pentoxide easily reacts with many 
other oxides to form mixed metal oxide phases of complex structure [21]. In addition, the 
effect of the noble metal as a combustion catalyst can significantly influence the course of the 
thermal evolution reaction. Figure 7 gives the change of the CO2 peak temperature as a 
function of the Ru content. The peak temperature of CO2 evolution shows a drastic decrease 
after the addition of 10% Ru to the TaCl5 precursor (approx. 170 °C). No significant change 
can be observed in the combustion temperature of organic surface species at higher noble 
metal contents. It means that the combustion of organics is catalyzed by the noble metal and 
this process is practically independent of the evolution of the oxide phases.  
 The maximum temperature at which the removal of residual solvent takes place is 
decreasing with the increase of the noble metal content, as well (Figure 8). Again, the 
catalytic effect of the noble metal on this degradation process can be witnessed. The 
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simultaneous formation of CO2 is an additional evidence of the fact that not only cracking but 
also a low temperature combustion of retained organics occurs.  
 
CONCLUSIONS 
 
 Thermogravimetry - mass spectrometry combined with infrared emission spectroscopy  
can advantageously be used to follow the complicated process of film evolution. In addition to 
the development of the main (oxide) phases, side reactions that are of importance in the 
development of surface morphology (surface area, surface roughness, porosity) can be 
identified as well. These results are of importance when the experimental parameters 
necessary to obtain optimal electrochemical and surface properties are selected. In order to 
reveal the possible interactions between the two precursors, in situ investigations with non-
conventional surface analysis techniques (e.g. small angle X-ray scattering, X-ray 
photoelectron spectroscopy) are necessary. 
 
Acknowledgements 
 
 This research was supported by the Hungarian Scientific Research Fund under Grant 
OTKA T034355. The infrastructural support of the Queensland University of Technology in 
the frame of the Inorganic Materials Research Program is gratefully acknowledged. 
 
 
 
 
 11
REFERENCES 
[1] H.B. Beer, J. Electrochem. Soc. 127 (1980) 303C. 
 
[2] S. Trasatti (Ed.), Electrodes of Conductive Metal Oxides, Elsevier, Amsterdam,  
 Part A, 1980; Part B, 1981. 
 
[3] R. Mraz, J. Krysa, J. Appl. Electrochem. 24 (1994) 1262. 
 
[4] C. Comninellis, P.G. Vercesi, J. Appl. Electrochem. 21 (1991) 335. 
 
[5] J. Rolewicz, C. Comninellis, E. Plattner, J. Hinden, Electrochim. Acta 33 (1988) 573. 
 
[6] L.K. Xu, J.D. Scantlebury, Corr. Sci. 45 (2003) 2729. 
 
[7] B. Correa-Lozano, C. Comninellis, A. De Battisti, J. Appl. Electrochem. 27 (1997) 
970. 
 
[8] F. Hine, M. Yasuda, T. Iida, Y. Ogata, Electrochim. Acta 31 (1986) 1389. 
 
[9] L. Lipp, D. Pletecher, Electrochim. Acta 42 (1997) 1091. 
 
[10] A.T. Kuhn, C.J. Mortimer, J. Electrochem.Soc. 120 (1973) 231. 
 
[11] D.E. Stilwell, S.M. Park, J. Electrochem. Soc. 135 (1988) 2254. 
 
[12] Q.X. Jia, W.A. Anderson, Appl. Phys. Lett. 57 (1990) 304. 
 
[13] M.L. Green, M.E. Gross, L.E. Papa, K.J. Schnoes, D. Brasen, J. Electrochem. Soc. 
132 (1985)2677. 
 
[14] R.R.L. Pelegrino, L.C. Vicentin, A.R. De Andrade, R. Bertazzoli, Electrochem. 
Comm. 4 (2002) 139. 
 
[15] C. Angelinetta, S. Trasatti, L.D. Atanasoska, Z.S. Minevski, R.T. Atanasoski, Mat. 
Chem. Phys. 22 (1989) 231. 
 
[16] G. Spinolo, S. Ardizzone, S. Trasatti, J. Electroanal. Chem. 423 (1997) 49. 
 
[17] J.M. Hu, H.M. Meng , J.Q. Zhang, C.N. Cao, Corr. Sci. 44 (2002) 1655. 
 
[18] J.M. Hu, J.X. Wu, H.M. Meng, D.B. Sun, Y.R. Zhu, D.J. Yang, Trans. Nonferrous 
Met. Soc. China (English Letters) 10 (2000) 511. 
 
[19] J.Kristóf, A. De Battisti, G. Keresztury, E. Horváth, T. Szilágyi, Langmuir 17 (2001) 
1637. 
 
[20] J. Mink, J. Kristóf, A. De Battisti, S. Daolio, Cs Németh, Surf. Sci. 335 (1995) 252. 
 
[21] T. Ushikudo, Catal. Today 57 (2000) 331. 
 12
 
 
LEGENDS 
 
Figure 1. TG (mass loss) and mass spectrometric ion intensity curves of TaCl5 gel on 
                 titanium support. 
Figure 2. TG (mass loss) and mass spectrometric ion intensity curves of RuCl3·3H2O gel on 
                 titanium support. 
Figure 3. TG (mass loss) and mass spectrometric ion intensity curves of the 70% Ru - 30% 
  Ta system (sample mass: 1.491 mg). 
Figure 4. TG (mass loss) and mass spectrometric ion intensity curves of the 50% Ru - 50% 
  Ta system (sample mass: 2.460 mg). 
Figure 5. TG (mass loss) and mass spectrometric ion intensity curves of the 30% Ru - 70% 
  Ta system (sample mass: 1.890 mg). 
Figure 6. FT-IR emission spectrum of the 30% Ru - 70% Ta system heated to 200 °C on a 
  titanium support. 
Figure 7. The dependence of CO2 evolution peak temperature on the Ru content.  
Figure 8. The dependence of solvent evolution peak temperature on the Ru content.  
 
 13
 
Figure 1 
86
88
90
92
94
96
98
100
0 100 200 300 400 500 600
T / °C
M
a
ss
 l
o
ss
 /
 %
Io
n
 i
n
te
n
si
ty
 /
 A
rb
it
ra
ry
 U
n
it
s
TG
35
41
44
544
161
 14
 
 
Figure 2 
348
93
72
371
75
80
85
90
95
100
0 100 200 300 400 500 600
T / 
o
C
M
a
ss
 l
o
ss
 /
 %
Io
n
 i
n
te
n
si
ty
 /
 A
rb
it
ra
ry
 U
n
it
s
TG
35
41
44
 15
 
 
Figure 3 
69
342
80
85
90
95
100
0 100 200 300 400 500 600
T / 
o
C
M
a
ss
 l
o
ss
 /
 %
Io
n
 i
n
te
n
si
ty
 /
 A
r
b
it
r
a
r
y
 U
n
it
s
TG
35
41
44
 16
 
Figure 4 
 
 
345
85
90
95
100
0 100 200 300 400 500 600
T / 
o
C
M
a
ss
 l
o
ss
 /
 %
Io
n
 i
n
te
n
si
ty
 /
 A
rb
it
ra
ry
 U
n
it
s
TG
35
41
44
 17
 
Figure 5 
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Figure 8 
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